Introduction
============

*Candida albicans* biofilm
--------------------------

*C. albicans* is a major opportunistic fungus capable of causing a broad spectrum of diseases. Candidiasis is the fourth most common hospital-acquired bloodstream infection (BSI) in the USA causing severe sepsis.[@b1-ijn-13-2697] One of the most important factors that contribute to the pathogenesis of candidiasis is its ability to form biofilm formation.[@b2-ijn-13-2697] Indwelling prosthetic materials and most catheters represent ideal surfaces for the adherence and growth of *Candida* biofilms. Therefore, *Candida* is the most frequently isolated fungal pathogen in catheter-related BSIs (CRBSIs) resulting in high morbidity and mortality rates in hospitalized patients.[@b3-ijn-13-2697] *Candida* biofilms are enclosed by an exopolymeric substance or extracellular polymeric substance (EPS) matrix which protects the pathogen from adverse exposure to environmental conditions,[@b4-ijn-13-2697] the host's immune defense and fungicides. Furthermore, detached yeasts from the biofilm are the source of infection by spreading the BSI.[@b5-ijn-13-2697] Morphogenetic conversions between yeast and hyphae have a key role in biofilm formation and represent an important virulence factor for disease pathogenesis.[@b6-ijn-13-2697] The main characteristic of *Candida* biofilm is the high level of drug resistance that can endure up to 1,000-fold as compared to their planktonic (freely suspended) counterparts.[@b7-ijn-13-2697] As *Candida* biofilms have reduced susceptibility against currently existing antifungals,[@b7-ijn-13-2697],[@b8-ijn-13-2697] there is an urgent need to develop novel combination nanotherapeutic approaches for *Candida* biofilm treatment.[@b9-ijn-13-2697]

Combination drug therapy and synergy
------------------------------------

Combination drug therapy is the use of two or more pharmacological agents; this is a standard clinical practice in the treatment of antibiotic-resistant infections.[@b10-ijn-13-2697] This combination therapy is designed to achieve synergy,[@b11-ijn-13-2697] defined as the interaction of two or more drugs to accomplish a combined effect greater than the sum of their separate effects.[@b12-ijn-13-2697] Synergy can be demonstrated doing an analysis of the inhibitory assay by the CompuSyn software showing the combination index (CI) with a quantitative definition for additive effect (CI=1), synergism (CI\<1), and antagonism (CI\>1). The theorem of Chou--Talalay also provides algorithms for automated computer simulation for synergism, as shown in the CI plot.[@b13-ijn-13-2697] The mass--action law[@b13-ijn-13-2697]--[@b15-ijn-13-2697]-based software CompuSyn[@b16-ijn-13-2697] is one of the most cited software packages.[@b17-ijn-13-2697]

Selenium nanoparticles (SeNPs)
------------------------------

As selenium (Se) sulfide is used in the treatment of superficial mycoses in the form of a topical antifungal shampoo[@b18-ijn-13-2697] and SeNPs have demonstrated fungicidal effects against *C. albicans* biofilms,[@b19-ijn-13-2697] we decided to test pure SeNPs in combination with chitosan (CS) or alone against a preformed *C. albicans* biofilm. Se is a naturally occurring metalloid trace element that is vital as nutrient with important human health benefits due to its dynamic role inhibiting the formation of free radicals; therefore, Se prevents oxidative stress, a major source of age-related diseases;[@b20-ijn-13-2697] there are approximately 25 known selenoproteins incorporated in the human genome;[@b21-ijn-13-2697] however, in high quantities, Se becomes toxic showing a narrow margin between beneficial and toxic effects.[@b22-ijn-13-2697] Yeasts of the genus *Candida* have the ability to accumulate (within the cell) extensive quantities of trace elements[@b21-ijn-13-2697] incorporated as organic compounds.[@b23-ijn-13-2697] The mechanisms of accumulation and transformation of Se into the cell wall (CW) architecture of *C. albicans* remain elusive.[@b23-ijn-13-2697] Se enters the yeast by chemisorption with the formation of ionic bonds by the CW polymers.[@b23-ijn-13-2697]--[@b25-ijn-13-2697] The fungicidal effect may be due to the mixing of Se with cell proteins in which Se displaces sulfur (due to the chemical analogy of both elements), for sulfur-containing amino acids such as cysteine (Cys) and methionine (Met).[@b23-ijn-13-2697] Yeasts absorb Se into the cytosol, using transporters such as sulfate permeases Sul1 and Sul2.[@b26-ijn-13-2697] Selenoproteins in excess generate reactive oxygen species (ROS) causing DNA strand breaks;[@b27-ijn-13-2697] this process can lead to changes in protein misfolding, stability, structural changes, and enzyme dysfunction.[@b21-ijn-13-2697],[@b23-ijn-13-2697]--[@b25-ijn-13-2697] Toxic activity of inorganic Se compounds in the yeasts involves the reaction of selenites with thiol-containing compounds.[@b25-ijn-13-2697] Therefore, SeNPs have demonstrated an anti-*Candida* biofilm effect.[@b19-ijn-13-2697]

CS
--

Another compound tested in this study alone or in combination with SeNPs was CS, an effective capping and stabilizing agent of SeNPs[@b28-ijn-13-2697],[@b29-ijn-13-2697] with fungicidal effects.[@b30-ijn-13-2697]--[@b32-ijn-13-2697] CS is a polysaccharide derivative of chitin, extracted from fungi, arthropods such as crustaceans and insects. It is a biocompatible, natural, biodegradable, bioadhesive, and positively charged polymer with low cytotoxicity.[@b33-ijn-13-2697] Microbicidal and fungicidal properties of CS are well established.[@b30-ijn-13-2697] The polycationic agents of the polymer interact with anionic components of the yeast reducing the negative surface charge of the outer CW ensuing in a strong attachment of the biopolymer, permeabilizing the CW as a result.[@b30-ijn-13-2697],[@b34-ijn-13-2697] CS-decorated SeNPs (CS-SeNPs) synthesized by chemical methods have been previously studied in cancer research.[@b28-ijn-13-2697],[@b29-ijn-13-2697]

Nanotechnology
--------------

Nanotechnologies have demonstrated a remarkable potential against infections;[@b35-ijn-13-2697] therefore, there is an urgency to develop novel nanotechnology-based drugs alone and in combination to overcome biofilm drug resistance.[@b36-ijn-13-2697],[@b37-ijn-13-2697] *C. albicans* biofilm inhibition by silver nanoparticles (AgNPs)[@b38-ijn-13-2697],[@b39-ijn-13-2697] or SeNPs has been previously reported;[@b40-ijn-13-2697]--[@b42-ijn-13-2697] our group previously described the inhibition of a preformed biofilm by SeNPs synthesized by a femtosecond laser, and we demonstrated that crystallinity and size are the two main physical parameters of SeNPs that affect the viability of *C. albicans* biofilms.[@b19-ijn-13-2697]

CS-SeNPs synthesized by nanosecond laser ablation in liquids
------------------------------------------------------------

In this study, we report, for the first time, the synthesis of SeNPs by irradiating Se pellets submerged in deionized (DI) water consisting of CS at 0.25% (CS-SeNPs). The irradiation was achieved by using a pulsed nanosecond neodymium-doped yttrium aluminum garnet (Nd:YAG) laser. The ability to synthesize contamination-free pure nanoparticles is essential for biomedical applications. To the best of our knowledge, this is the first time that CS-SeNPs were tested against a preformed mature *C. albicans* biofilm, also showing that the combination of SeNPs and CS has a potent fungicidal effect in a dose-dependent manner measured by a well-established phenotypic assay,[@b43-ijn-13-2697]--[@b45-ijn-13-2697] and most importantly, we demonstrated a potent synergistic fungicidal effect with the combination of CS with SeNPs against the *C. albicans* biofilms. Synergy was analyzed by the CompuSyn software[@b46-ijn-13-2697] to quantitatively determine the synergistic effect;[@b13-ijn-13-2697],[@b15-ijn-13-2697] we analyzed the CI with the data of the nonlinear dose--effect curves (effect-based approaches).[@b12-ijn-13-2697] Finally, we showed by advanced electron microscopy (EM) that CS-SeNPs permeabilize the outer CW due to CS properties, allowing Se to enter. The change of the characteristic spherical structure of the *Candida* cells is due to protein misfolding that causes a change of structure induced by Se toxicity.[@b21-ijn-13-2697],[@b23-ijn-13-2697]--[@b26-ijn-13-2697] We conclude that CS-SeNPs have a synergistic effect with an effective dose--response inhibition of the preformed mature biofilm in vitro. More studies are warranted to understand the synergistic effect of the combination of Se and CS against the *Candida* biofilm.

Materials and methods
=====================

Materials
---------

Se pellets (Se, \<5 mm, ≤99.999% trace metals), CS (low molecular weight), sodium hydroxide (NaOH, American Chemical Society \[ACS\] reagent, ≥97.0%, pellets), and acetic acid (ACS reagent, ≥99.7%) were purchased from Sigma-Aldrich (St Louis, MO, USA). Molecular biology grade water (MT46000CM) was purchased from Thermo Fisher Scientific (Waltham, MA, USA).

Nanoparticle synthesis
----------------------

The synthesis of SeNPs and CS-SeNPs was performed using a nanosecond laser source by placing 0.35 g of Se pellets (purity 99.9%) deposited as target at the bottom of a 1.7 mL microcentrifuge tube that contained 0.5 mL of DI water or 0.25% (wt/vol) CS solution. The laser used for the irradiation (Ekspla, NT342A, Vilnius, Lithuania) was the Nd:YAG with a laser pulse duration of 3.6 ns at a wavelength of 1,064 nm and a repetitive rate of 20 Hz. The laser beam was aimed at the target vertically from above into the open microcentrifuge tube where the beam focused onto the pure Se pellets placed at the bottom. The target was irradiated for 15 min producing a red--orange color in the solution that was extracted for further analysis. The SeNPs produced in the 0.25% (wt/vol) CS solution were washed to remove the excess CS from the sample. An acid wash was performed using a 50/50 solution of acetic acid and DI water which was added to the sample and then centrifuged to produce a pellet resuspended in phosphate-buffered saline (PBS) solution.

Characterization
----------------

The SeNPs were produced by irradiating Se pellets using the nanosecond laser pumped by a 20 Hz Q-switched Nd:YAG laser powered at 20 mJ. The determination of the concentration of the solution was performed using atomic absorption spectroscopy (AA-6200; Shimadzu, Kyoto, Japan) with an Se lamp (L2433-34NQ; Hamamatsu, Boston, MA, USA). Hydrodynamic size and zeta potential (ZP) of SeNPs were characterized using the dynamic light scattering (DLS) system (Zetasizer Nano ZS; Malvern Instruments, Malvern, UK) at 25°C. The high-resolution transmission electron microscope (HRTEM) (JOEL 2010F) and atomic resolution microscope (ARM, JOEL ARM 200F) were used to acquire images of the SeNPs to determine the size and shape of the nanoparticles using the Cs probe at a voltage of 200 kV with a spatial resolution of 0.75 Å. The specially resolved elemental analysis was performed by X-ray emission spectroscopy attachment to the HRTEM.

Strain, media, and culture conditions
-------------------------------------

The wild-type *C. albicans* clinical strain SC5314[@b47-ijn-13-2697] was used in all experiments as a control standard. In addition, we used TW1[@b48-ijn-13-2697] and two *C. albicans* clinical isolates resistant to fluconazole, named TW17[@b48-ijn-13-2697],[@b49-ijn-13-2697] and 6486[@b50-ijn-13-2697],[@b51-ijn-13-2697] strains as previously described. Frozen cells from stocks stored at −80°C were propagated overnight in yeast--peptone--dextrose (YPD) agar plates. Flasks of YPD liquid media were inoculated with a loopful of *Candida* growth and incubated in an orbital shaker (180 rpm) at 30°C and grown for 14--16 h. Biofilms were assessed using the 96-well microtiter plate-based method as previously reported.[@b43-ijn-13-2697]

Activity against a preformed *C. albicans* biofilms
---------------------------------------------------

Biofilms were assessed using a well-known 96-well microtiter plate-based method.[@b43-ijn-13-2697] Briefly, yeast cells collected from overnight cultures were washed in sterile PBS and resuspended at a final concentration of 1.0×10^6^ cells/mL in Roswell Park Memorial Institute (RPMI) medium-1640. Biofilms were formed on tissue culture-treated, 96-well microtiter plates (Corning Incorporated) incubated at 37°C for 24 h. The biofilms formed and attached to the flat bottom of the wells were washed twice with PBS. CS-SeNPs, SeNPs, and CS were assessed against the preformed biofilm for their fungicidal activity at concentrations ranging from 5 to 2,500 and 0.05 to 25 ppm for CS and SeNPs, respectively, in serial twofold dilutions as previously described.[@b43-ijn-13-2697],[@b44-ijn-13-2697],[@b58-ijn-13-2697] The plates were covered with parafilm and incubated for another 24 h. Then, plates were carefully washed twice, and the biofilms were quantified using the tetrazolium salt (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide \[XTT\]) reduction assay to test the efficacy of the nanoparticle preparations. All tests were performed in duplicate and were repeated at least three times in independent experiments. The IC~50~ was performed with the dose--response fits calculated using Origin 9 software (OriginLab Corporation, Northampton, MA, USA).[@b59-ijn-13-2697]

Cytotoxicity assay
------------------

A stock solution of CS-SeNPs was diluted to the desired concentrations ranging from 50 to 1 ppm in growth medium and subsequently added into a 96-well plate containing human retinal pigment epithelial cell line ARPE-19 (5×10^4^ cells/well). Microtiter plates were incubated at 37°C in a 5% CO~2~ air humidified atmosphere for 24 h. The cell experiments were performed in triplicate, and readings of the cell viability using a luminescent cell viability assay (CellTiter-Glo; Promega Corporation, Madison, WI, USA) were performed after 24 h.

Visualization by SEM of the effects of nanoparticles on preformed *C. albicans* biofilms
----------------------------------------------------------------------------------------

For SEM ultrastructural observation of the mature biofilms cultured on 48-well plates for 24 h treated with CS-SeNPs (3.5 ppm), SeNPs (21.7 ppm), and CS (25,000 ppm), we gently washed the treated biofilm twice with PBS and fixed with 4% formaldehyde and 1% glutaraldehyde (GA) for 1 h at room temperature. The fixed samples were washed with PBS and then stained in 1% osmium tetroxide (OsO~4~) solution buffered with PBS for 1 h. The samples were dehydrated with a series of ethanol solutions (25% for 10 min, 50% for 10 min, 70% for 10 min, 95% for 10 min, and absolute alcohol for 20 min).[@b60-ijn-13-2697] The dehydrated specimens were then transferred to 300-mesh carbon-coated copper grids to be observed by SEM in a Hitachi S-5500 (Hitachi Ltd., Tokyo, Japan).

Visualization by TEM of the effects of nanoparticles on preformed *C. albicans* biofilms
----------------------------------------------------------------------------------------

For ultrastructural TEM imaging, *Candida* biofilms were grown for 24 h and then treated with CS-SeNPs (3.5 ppm). The treated mature biofilm was then centrifuged at 3,500 rpm for 10 min. After washing two times with PBS, cells were fixed in 1 mL of 4% formaldehyde and 1% GA for 2 h. The fixed samples were stained with 1% OsO~4~ for 1 h. After washing the *Candida* biofilms with PBS to eliminate the heavy metal stain, a dehydration series was performed with 25, 50, 75, 95, and 100% ethanol diluted in dH~2~O. The absolute dehydration was assured with propylene oxide before embedding in an epoxy resin LX-112 (Ladd Research Industries, Williston, VT, USA), and the resin was left 48 h at 60°C to harden. The epoxy resin-embedded sections were cut (90 nm thick) using an ultramicrotome (Leica Microsystems, Wetzlar, Germany) and a 45° angle diamond knife as previously described.[@b61-ijn-13-2697] Ultrathin sections were mounted on an uncoated copper mesh grid and visualized using JEOL JEM-2010F.

CI analysis
-----------

CI theorem of Chou--Talalay analyses[@b13-ijn-13-2697],[@b14-ijn-13-2697] was calculated using the computer software CalcuSyn[@b15-ijn-13-2697],[@b16-ijn-13-2697] version 2.0 (Biosoft, Cambridge, UK).[@b46-ijn-13-2697] We analyzed the CI based on the nonlinear dose--effect curves (effect-based approaches).[@b12-ijn-13-2697] To analyze the dose--effect parameters (% inhibition of the biofilm) of each compound alone (CS and SeNPs) as well as in combination (CS-SeNPs) and calculate the CI value, the parameters can be automatically determined from the median-effect equation.[@b13-ijn-13-2697] Comprehensive procedures of automated dose--effect dynamic analysis via mathematical induction for quantization of synergism in drug combination studies are given in the user's manual for CompuSyn software.[@b14-ijn-13-2697] Briefly, the CI-isobologram equation was used, where CI values around 1 demonstrate additive effects of the two drugs tested. CI\<1 indicates a synergistic effect of the two drugs combined, and CI\>1 indicates an antagonistic effect. We need to input each dose--response result as shown in [Table 1](#t1-ijn-13-2697){ref-type="table"}.

Statistical analyses
--------------------

The IC~50~ was calculated by dose--response fitting using Origin 9 software. The graphs show the mean ± standard error of the mean from three separate experiments performed in duplicate. For quantitative assays, statistical analyses were performed with Student's *t*-test. Statistical significance was accepted at a *P*-value of \<0.05.

Results
=======

Characterization
----------------

The average hydrodynamic diameter of the CS-SeNPs dispersed in DI water was around 96 nm determined by DLS ([Figure 1A](#f1-ijn-13-2697){ref-type="fig"}). The ZP had a negative charge of about −35.7 mV ([Figure 1B](#f1-ijn-13-2697){ref-type="fig"}). The concentration of the solution determined by atomic absorption spectroscopy (AAS) was 25.5±0.5 ppm. Energy-dispersive spectroscopy (EDS) spectra of CS-SeNPs demonstrate the presence of Se signal in the sample by spectral mapping acquisition ([Figure 2](#f2-ijn-13-2697){ref-type="fig"}). SeNPs were detected on the outer CW of the *C. albicans* (red dots) by EDS mapping. For the nanoparticles produced in the presence of CS (CS-SeNPs), HRTEM images show spherical shape of the nanoparticles, and the diffraction pattern of small and large nanoparticles indicates that both are crystalline in nature. The CS matrix surrounding the nanoparticles can be observed ([Figure S1A--D](#SD1-ijn-13-2697){ref-type="supplementary-material"}); this CS matrix enhances the crystalline nature of the nanoparticle compared to the amorphous nature of SeNPs produced in DI water. The stability of the nanoparticles due to the CS was demonstrated by ZP which had a negative charge of about −35.7 mV, where the binding effects of the CS to the nanoparticle maintain the stability of the nanoparticles.

Inhibition of preformed biofilms
--------------------------------

In this study, we used a well-established phenotypic assay as reported by Pierce et al[@b44-ijn-13-2697] and Pierce and Lopez-Ribot.[@b45-ijn-13-2697] Results indicated an inhibitory effect of SeNPs in a dose-dependent manner on the preformed *C. albicans* biofilm, with a calculated IC~50~ of 21.7 ppm. CS alone had an inhibitory effect on the biofilm obtaining a 7% inhibition at 25 ppm. CS-SeNPs showed the most potent inhibition against preformed biofilms in a dose--response manner with an IC~50~ of 3.5 ppm, which pointed to a strong synergistic effect when compared to both compounds alone ([Figure 3A](#f3-ijn-13-2697){ref-type="fig"}). We also compared the activity of CS-SeNPs on preformed biofilms of two drug-sensitive strains (SC5314[@b47-ijn-13-2697] and TW1[@b48-ijn-13-2697]) and two drug-resistant *C. albicans* strains (TW17[@b48-ijn-13-2697],[@b49-ijn-13-2697] and 6486[@b50-ijn-13-2697],[@b51-ijn-13-2697]). No statistical difference in dose--response curves was observed between sensitive and resistant clinical strains. Statistical significance was accepted at a *P*-value of \<0.05.

Cytotoxicity assay
------------------

The CS-SeNP concentrations showing potent fungicidal effects against mature *C. albicans* biofilms (3.5 ppm) are lower than those at which they exhibit cytotoxicity, as demonstrated by a cytotoxicity assay using human ARPE cells (obtained from the American Type Culture Collection, Manassas, VA, USA), resulting in a 50% cytotoxicity concentration (CC~50~) of 26.3 ppm ([Figure 3B](#f3-ijn-13-2697){ref-type="fig"}).

Visualization by scanning EM (SEM) of the effects of nanoparticles on preformed *C. albicans* biofilms
------------------------------------------------------------------------------------------------------

The ultrastructural changes were imaged under SEM after treatment with CS, SeNPs, and CS-SeNPs. [Figure 4A](#f4-ijn-13-2697){ref-type="fig"} shows untreated *C. albicans* SC5314 biofilms with a dense network of yeast cells and hyphae; yeast cells display a characteristic ovoid morphology. [Figure 4B](#f4-ijn-13-2697){ref-type="fig"} shows *C. albicans* biofilms treated with CS at 25,000 ppm; yeast cells became enlarged and deformed; CS adheres to the outer CW of the cells. *C. albicans* treated with SeNPs at 21.7 ppm ([Figure 4C](#f4-ijn-13-2697){ref-type="fig"}) has changes in morphology (red arrows). Yeasts treated with CS-SeNPs at 3,500--3.5 ppm, respectively, show major changes in morphology and structure. Red arrows show major deformation of the yeast cells and the polycationic polymer adhered to the negatively charged outer CW ([Figure 4D](#f4-ijn-13-2697){ref-type="fig"}). Bright-field (BF) scanning transmission electron microscopy (STEM) image shows CS-SeNPs entering the yeast ([Figure 4E](#f4-ijn-13-2697){ref-type="fig"}), CS adhered to the outer CW, with SeNPs (darker dots).

Visualization by transmission EM (TEM) of the effects of nanoparticles on preformed *C. albicans* biofilms
----------------------------------------------------------------------------------------------------------

In TEM image, we observed the *C. albicans* yeast cell after thin sectioning; cells without treatment showed a characteristic ovoid morphology and intact CW ([Figure 5A](#f5-ijn-13-2697){ref-type="fig"}). After 24 h treatment with CS-SeNPs (3.5 ppm), a major distortion of the ovoid morphology of the cell is shown and CS-SeNPs are observed adhering to the outer CW ([Figure 5B and C](#f5-ijn-13-2697){ref-type="fig"}), metalloid nanoparticles enter the cell by disruption of the CW and the cell membrane. Ultrathin-section electron micrographs of the yeast cells document intracellular accumulation of the nanoparticles.

Synergy
-------

CalcuSyn[@b16-ijn-13-2697] generated CI values according to the Chou--Talalay method.[@b15-ijn-13-2697] The CS-SeNP combination treatment was synergistic when CS (2,500--160 ppm) combined with SeNPs (25--1.6 ppm), resulting in CI values of \<1; for lower doses, the effect was antagonistic with CI values of \>1 as shown in [Table 1](#t1-ijn-13-2697){ref-type="table"}. The additive effect of drug combination depends on the individual dose--effect curves and enables the formulation of synergy, additivity, or antagonism. The dose--effect-based methods depend on the Loewe additivity model.[@b12-ijn-13-2697]

Discussion
==========

A wild-type *C. albicans* strain SC5314 was used in this study; although this is a "susceptible" strain under normal planktonic (free-floating) growing conditions, it has been demonstrated that biofilms formed by this strain display high level of resistance against most clinically used antifungals.[@b43-ijn-13-2697] The antifungal properties of CS[@b30-ijn-13-2697] and SeNPs alone had been previously reported;[@b40-ijn-13-2697] our group demonstrated that SeNPs bind and get adsorbed into the yeast cell, and the main physical properties of SeNPs against the *Candida* biofilm are size and crystallinity of the nanoparticles.[@b19-ijn-13-2697]

In this study, we demonstrated the first synthesis of pure, stable, and crystalline nanoparticles by pulsed laser-ablation in liquids (PLAL) with a nanosecond laser. This laser synthesis is well adapted for biomedical applications because the surface of the produced nanoparticles is free of any chemical byproducts or surfactants.[@b52-ijn-13-2697] Therefore, the biological interaction between the yeast cell and the nanoparticle is not altered by any contaminants. To achieve this, the CS-SeNPs were synthesized by PLAL in DI water containing 0.25% of CS resulting in SeNPs wrapped within a CS shell, shown by HRTEM;[@b53-ijn-13-2697] this CS wrapping is most likely due to the amino acid groups in CS interacting with the surface of the SeNPs, where the coordination behaviors of the nanoparticles maintain the nanoparticle stability and enhance the crystallinity.[@b54-ijn-13-2697] The average size of these wrapped nanoparticles and the electric potential surrounding the particle, called ZP, were measured by DLS. The particles were around \~100 nm in size with an ZP equal to −35.7 mV; this large negative value confirms that the CS-SeNPs are stable in solution due to the polycationic surface charge of the CS[@b30-ijn-13-2697],[@b32-ijn-13-2697],[@b55-ijn-13-2697] ([Figure 1A and B](#f1-ijn-13-2697){ref-type="fig"}). Furthermore, the slight increase in the value of the ZP of the CS-SeNPs when compared to the SeNPs can be attributed to the polycationic surface charge of the CS and suggests that CS is coating the SeNPs.

The CS and SeNPs alone or combined were tested by a standardized method for in vitro antifungal susceptibility[@b43-ijn-13-2697],[@b56-ijn-13-2697] against mature *C. albicans* biofilms which are known to be very difficult to inhibit because sessile cells become shielded inside an exopolymeric matrix of the biofilm displaying intrinsic resistance to most conventional antifungals.[@b4-ijn-13-2697],[@b36-ijn-13-2697] Taken separately, SeNPs (IC~50~ 21.7 ppm) and CS have shown fungicidal properties, but when combined (CS-SeNPs) achieved a potent inhibitory effect (IC~50~ 3.5 ppm) against the mature biofilm in a dose--response manner ([Figure 3A](#f3-ijn-13-2697){ref-type="fig"}). To quantify the synergistic effect of the synthesized CS-SeNPs, we used the Chou--Talalay method[@b15-ijn-13-2697] specifically designed for drug combination. This theory uses algorithms developed by CompuSyn software[@b13-ijn-13-2697] to demonstrate synergy, additivity, or antagonism, as shown in the fraction affected (Fa)--CI plot[@b57-ijn-13-2697] ([Figure 3C](#f3-ijn-13-2697){ref-type="fig"}). We analyzed the dose--effect parameters of each compound alone (CS and SeNPs) as well as in combination, and thus obtained the CI value.[@b12-ijn-13-2697],[@b13-ijn-13-2697] With higher doses of CS-SeNPs, a stronger synergistic interaction was obtained as expected, and doses below the IC~50~ became antagonistic ([Table 1](#t1-ijn-13-2697){ref-type="table"}).

This is the first reported case, to the best of our knowledge, that proved the synergistic fungicidal effect of CS-SeNPs against preformed *C. albicans* biofilms.

We theorize that as the bioadhesive polycationic polymer CS strongly binds and permeates the CW of the *C. albicans* yeast (by reducing the negative surface charge of the CW[@b30-ijn-13-2697],[@b34-ijn-13-2697]) this permeabilization enables SeNPs to straightforwardly enter the yeast in excess. Inside the cell, Se competes by affinity with sulfur[@b21-ijn-13-2697],[@b23-ijn-13-2697]--[@b25-ijn-13-2697] producing an oxidative stress[@b23-ijn-13-2697] resulting in DNA strand breaks,[@b25-ijn-13-2697] therefore, creating changes in the morphology of the yeast cell[@b19-ijn-13-2697] as documented by advanced EM ([Figures 4D](#f4-ijn-13-2697){ref-type="fig"} and [5C](#f5-ijn-13-2697){ref-type="fig"}).

The dose of CS-SeNPs required to inhibit the mature biofilm (IC~50~ 3.5 ppm) is within the noncytotoxic range on human cells (CC~50~ 26.3 ppm); thus CS-SeNPs could be a good choice for antibiofilm coatings. Future research is warranted to determine the complete mechanism of action and toxicity.

Conclusion
==========

Applying nanosecond PLAL, we obtained, for the first time, the synthesis of CS-stabilized pure SeNPs free of contaminants. To the best of our knowledge, this is the first time that CS-SeNPs have demonstrated efficient dose-dependent activity against preformed *C. albicans* biofilms with an IC~50~ of 3.5 ppm of CS-SeNPs. By EM, we observed the fungicidal effect of CS-SeNPs by permeabilization of the outer CW due to the CS properties, and the changing of the structure of *C. albicans* was due to SeNP effect, documenting the entry of SeNPs in excess into the yeast cell. Most importantly, the results of the CI show a potent synergistic effect.

Supplementary material
======================

###### 

HRTEM images of the CS-SeNPs.

**Notes:** Electron diffraction pattern of (**A** and **B**) large and (**C** and **D**) small nanoparticles indicates that both are crystalline in nature. CS-SeNPs, CS-decorated SeNPs.

**Abbreviations:** CS, chitosan; HRTEM, high-resolution transmission electron microscope; SeNPs, selenium nanoparticles.
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![DLS and ZP.\
**Notes:** (**A**) Hydrodynamic diameters of the synthesized SeNPs stabilized in bovine serum albumin and dispersed in DI water; the average size of the nanoparticles is 96.3 nm. (**B**) The ZP showed a negative charge of −35.7 mV.\
**Abbreviations:** DI, deionized; DLS, dynamic light scattering; SeNPs, selenium nanoparticles; ZP, zeta potential.](ijn-13-2697Fig1){#f1-ijn-13-2697}

![EDS spectrum of SeNPs.\
**Notes:** Se EDS peaks are labeled. Strong signals from the atoms in the SeNPs observed in the spectrum confirm Se metalloid nanoparticles on the yeast outer CW by spectral mapping acquisition.\
**Abbreviations:** CW, cell wall; EDS, energy-dispersive spectroscopy; Se, selenium; SeNPs, selenium nanoparticles; UTSA, University of Texas at San Antonio.](ijn-13-2697Fig2){#f2-ijn-13-2697}

![Dose--response curves.\
**Notes:** (**A**) Dose--response curves for the activity of SeNPs, CS, and CS-SeNPs against preformed *C. albicans* biofilms. The half maximal inhibitory concentration (IC~50~) values were calculated as SeNPs (21.7 ppm) and CS-SeNPs (3.52 ppm). Values are the mean ± SEM (error bars) from independent experiments performed in duplicate. (**B**) Cytotoxicity of CS-SeNPs in RPE-19 cells, the 50% cytotoxic concentration (CC~50~) is 26.3 ppm. Cytotoxicity of CS-SeNPs was quantified by a Luciferase assay after 24 h of compound incubation. X-axis, concentration in ppm; Y-axis, percentage of cell cytotoxicity. Dose--response curves were plotted using Origin 9 curve fit. Each data point represents the mean ± SEM of three independent experiments performed on different days. (**C**) The CI was determined. A horizontal red line marks CI=1. The data are the mean values from three independent experiments. Combined doses of CS and SeNPs from 160--1.6 to 25,000--25 ppm, respectively, resulted in Fa from 0.6 to 0.9 with a CI\<1 (synergy). Doses under 3.5--35 ppm of CS-SeNPs, respectively, were antagonistic.\
**Abbreviations:** *C. albicans*, *Candida albicans*; CI, combination index; CS, chitosan; CS-SeNPs, CS-decorated SeNPs; Fa, fraction affected; SEM, standard error of the mean; SeNPs, selenium nanoparticles.](ijn-13-2697Fig3){#f3-ijn-13-2697}

![SEM.\
**Notes:** (**A**) Untreated *C. albicans* biofilms show a characteristic ovoid morphology, and a dense network of yeast cells and hyphae (**B**) biofilms treated with CS at 25,000 ppm showed enlarged and deformed yeast cell, (**C**) *C. albicans* treated with SeNPs at 21.7 ppm shows changes in morphology (red arrows) and (**D**) *C. albicans* treated with CS-SeNPs at 3.5 ppm has major changes in morphology and structure (red arrows), the polymer adheres to the CW. (**E**) BF STEM image of a *C. albicans* biofilm treated with CS-SeNPs. Throughout the CW, nanoparticles can be observed entering and the CS biopolymer containing SeNPs adheres to the outer CW. CS-SeNPs, CS-decorated SeNPs.\
**Abbreviations:** BF, bright-field; *C. albicans*, *Candida albicans*; CS, chitosan; CW, cell wall; SEM, scanning electron microscopy; SeNPs, selenium nanoparticles; STEM, scanning transmission electron microscopy; UTSA, University of Texas at San Antonio.](ijn-13-2697Fig4){#f4-ijn-13-2697}

![TEM.\
**Notes:** (**A**) Ultrastructure of untreated *C. albicans* yeast cell after thin sectioning shows a characteristic ovoid morphology. (**B** and **C**) After 24 h treatment with CS-SeNPs (3.5 ppm), the yeast cell loses the characteristic morphology as the cell distorts, the CW disrupts, and the CS-SeNPs enter the cell. CS-SeNPs, CS-decorated SeNPs.\
**Abbreviations:** *C. albicans*, *Candida albicans*; CS, chitosan; CW, cell wall; SeNPs, selenium nanoparticles; TEM, transmission electron microscopy.](ijn-13-2697Fig5){#f5-ijn-13-2697}

###### 

Synergy based on the nonlinear dose--effect curves

  Dose (ppm), CS       Biofilm inhibition (%)[a](#tfn2-ijn-13-2697){ref-type="table-fn"}   Dose (ppm), SeNPs   Biofilm inhibition (%)[a](#tfn2-ijn-13-2697){ref-type="table-fn"}   Dose combination; 2,500+25 ppm; CS + SeNPs   Biofilm inhibition (%)[a](#tfn2-ijn-13-2697){ref-type="table-fn"}   Fa      CI[b](#tfn3-ijn-13-2697){ref-type="table-fn"}
  -------------------- ------------------------------------------------------------------- ------------------- ------------------------------------------------------------------- -------------------------------------------- ------------------------------------------------------------------- ------- -----------------------------------------------
  Synergism (CI\<1)                                                                                                                                                                                                                                                                                         
   2,500               45±1                                                                25                  59±7                                                                2,525                                        80±2                                                                0.97    **2.53E-4**
   1,250               41±1                                                                12.5                24±3                                                                1,262                                        73±3                                                                0.908   **2.91E-4**
   630                 26±1                                                                6.3                 23±2                                                                636                                          71±1                                                                0.887   **2.45E-4**
   310                 24±1                                                                3.1                 20±2                                                                313                                          46±7                                                                0.898   **9.45E-5**
   160                 22±1                                                                1.6                 16±4                                                                161                                          13±1                                                                0.635   **0.00194**
  Antagonism (CI\>1)                                                                                                                                                                                                                                                                                        
   80                  20±2                                                                0.8                 11±5                                                                80.8                                         10±1                                                                0.095   2.32
   40                  19±1                                                                0.4                 8±4                                                                 40.4                                         3±1                                                                 0.063   6.25
   20                  7±1                                                                 0.2                 3±3                                                                 20.2                                         1±1                                                                 0.03    65.46
   10                  5±1                                                                 0.1                 6±3                                                                 10.1                                         0±0                                                                 0.01    2,910
   5                   4±1                                                                 0.05                5±5                                                                 5.05                                         0±0                                                                 0.006   7,448
   2.5                 3±1                                                                 0.02                1±1                                                                 2.02                                         0±0                                                                 0.004   24,384
   1.2                 0±1                                                                 0.01                0±1                                                                 1.01                                         0±0                                                                 0.003   32,414

**Notes:** This table is constructed from the data generated by CompuSyn report.

The data of the nonlinear dose--effect curves were obtained from the XTT assay and were analyzed by the CompuSyn software. Data are presented as the mean (±SEM) of three independent experiments performed on different days.

CI was calculated from the CI equation and algorithms using CompuSyn software. When the CI is 1, the interaction for the inhibitory effect is additive, CI \>1 is antagonistic, and CI \<1 means a synergistic effect. Bold values are synergistic.

**Abbreviations:** CI, combination index; CS, chitosan; Fa, fraction affected; SEM, standard error of the mean; SeNPs, selenium nanoparticle; XTT, 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide.
